Over the past decades, investigations on DNA interactions with transition metal complexes, especially for those containing multidentate aromatic ligands, have aroused considerable interests owing to their potential applications as new therapeutic agents and interesting properties that make them as possible probes of DNA structure and conformation. 1, 2) The studies on DNA metallointercalators, which can react at specific sites along a DNA strand as reactive models for proteinnucleic acid interactions, have provided us with some effective routes toward rational drug design as well as approaches to develop sensitive chemical probes for DNA.
Two New Co(II) and Ni(II) Complexes with 3-(2-
hibited the characteristic bands of perchlorate anions at ca. 622 and ca. 1100 cm
Ϫ1
. It should be noted that, due to the coordination of the pyridyl rings of ligands, the strong absorption band at ca. 1575 cm Ϫ1 resulting from the skeletal vibrations of the aromatic rings shifted to ca. 1610 cm
. In addition, the results of elemental analyses for the two complexes were in agreement with the theoretical requirements of their compositions according to X-ray analysis results.
The mononuclear structure of 1 consisted of discrete [Co(L) 3 ] 2ϩ and two ClO 4 Ϫ . The view of 1 is shown in Fig. 1 with uncoordinated ClO 4 Ϫ omitted for clarity and the selected bond lengths and angles are listed in Table 1 . The coordination geometry around the Co(II) center could be described as a distorted octahedron with N( and all the Co-N bond distances and angles around each Co(II) center fall into the normal ranges for such coordination complexes (see Table 1 ). 22, 23) In addition, due to the flexibility of the methylene group, the naphthalene group of L could turn freely to offer a suitable space for intramolecular p-p stacking interactions with the pyridyl-pyrazole ring from other L with the centroid-centroid distances of 3.703 Å, average interplanar separation of 3.553 Å and dihedral angle of 7.4°, which further stabilize the structure of complex 1. (Fig. 1b) . 25) The separations of C(28)···O(2B) and C(30) ···O(3B) are 3.1542 (14)°] were in the normal range expected for such coordination complexes (see Table 2 ). 22, 23) In addition, L also adopts N,N-bidentate chelating coordination mode to form two five-membered chelating cycles (Ni-N-C-C-N) with Ni(II) center.
Different from 1, in 2, the centroid-centroid separations of the naphthalene rings with pyridyl-pyrazole rings from adjacent L were in the range of 3.887-4.128 Å, showing no obvious existence of intramolecular weak p-p stacking interactions. 
25)
Cytotoxicity Studies The in vitro cytotoxicity of complexes 1 and 2, and ligand L was examined in three human cancer cells lines, HL-60 human leukemia, BGC-823 human stomach and MDA-MB-435 human mammary. The results of the testing are summarized in Table 3 . The ligand L showed no cytotoxicity activity against these three cell lines, whereas 1 and 2 showed obviously cytotoxic activities, furthermore following the order 1>2. This directly indicated that the cytotoxicity of ligand increased after the formation of metal complexes, which may be attributed to the extended planar structure induced by the p-p* conjugation from the chelation of 
170.78 (13) metal ions with the ligand L. Moreover, when the results were compared with that of Cu(II) and Zn(II) complexes previously reported, [19] [20] [21] it can be seen that 1 showed equivalently cytotoxicity against HL-60 but lower activity against BGC-823 and MDA-MB-435. On the other hand, among these three cancer cells lines, HL-60 was the most sensitive to the tested compounds (1, 2 and L) with inhibitory rate ranged from Ϫ5.42 to 89.29%. These results of biological tests in vitro will prompt us to further explore more studies on the binding mode of these complexes to DNA.
Determination of Binding Mode to DNA Thermal denaturation, intrinsic binding constant determination and viscosity measurements were conducted to explore the binding mode of the tested compounds (1, 2 and L) to DNA.
Thermal Denaturation: DNA melting was observed when double-stranded DNA molecules were heated and separated into two single strands, which was due to disruption in intermolecular forces between DNA base pairs. Changes in the thermodynamic stability of double-stranded DNA are thought to play an important role in the recognition and processing of DNA modified with covalent and noncovalent drug adducts.
26) The melting curves of CT-DNA in the presence and absence of 1, 2 and L are shown in Fig. 3 . The melting point of free CT-DNA was 61.0°C under our experimental conditions. 1, 2 and L increased the T m value of DNA by 2.8°C, 1.4°C and 0.3°C, respectively, which indicated that these compounds had a capability to stabilize the DNA duplex. Therefore, it can be supposed that the binding of these compounds to DNA might involve an intercalative behavior. 27) Moreover, the DT m values of 1 and 2 were higher than that of free ligand L, probably owing to the extension of p-system of the free ligand alone and stacking effect on DNA duplex stabilization. At the same time, this was also reflected in the following viscosity and binding constants measurements.
Viscosity Measurements: Hydrodynamic measurement that is sensitive to length change is, in the absence of crystallographic data, regarded as the most critical tests of a binding mode in solution. 28) Classical intercalative agents can separate the base pairs to accommodate the binding ligands, then causing elongation of the DNA double helix and increasing its viscosity. However, a partial or nonclassical intercalation of ligand may bend the DNA helix, resulting in the decrease of its effective length and, concomitantly, its viscosity. 29) In addition, some other transition metal complexes, which bind through non-intercalative mode such as groove-face and electrostatic interactions, typically cause less pronounced or no change in the DNA solution viscosity.
30) The changes in the specific relative viscosities upon the addition of the compounds to DNA solution were examined. As shown in Fig. 4 , the viscosities of DNA increased with the increment of [compound]/[DNA] ratio, and changes in the viscosities caused by 1 and 2 were similar to those by classical intercalators 2) but sharper than free ligand L. Those results indicated that 1 and 2 bound to DNA by an intercalative mode and 1 more tightly than 2 did, which also agreed well with the results of thermal denaturation experiment.
Determination of Binding Constants: To investigate quantitatively the binding affinities of these compounds binding to DNA, the binding constants K b of 1, 2 and L were determined by spectrophotometric titration method, according to the site exclusion equation of McGhee and Von Hippel:
where n is the ratio of the bound compound to DNA base pairs, c is the free compound concentration, K b is the intrinsic binding constant and n is the binding site size. K b and n were determined by Scatchard plot analyses using a non-linear least-square procedure (Program Knwfit). The binding constants obtained for 1, 2 and L were 1.6ϫ10 4 , respectively, and their corresponding n values (namely the numbers of binding sites) were 1.8, 1.8 and 1.64. These results revealed that the affinities of these complexes binding to DNA showed significant increase upon the chelation between the free ligand L and metal center, which further resulted in the extension of p-system of ligand, leading to the ligand stacking more strongly with the DNA duplex. The obvious existence of intramolecular face-to-face p-p stacking interactions may be responsible for the higher K b value of these complexes, especially for 1.
Conclusion
Two new Co(II) (1) and Ni(II) (2) complexes with the 3-(2-pyridyl)pyrazole-based ligand L (Lϭ1-[3-(2-pyridyl)-pyrazol-1-ylmethyl]-naphthalene) have been synthesized and characterized. Their crystal structures were determined by Xray diffraction analysis. According to our experimental results in this study as well as the previous work, 19 ) complexes 1 and 2 were not dissociated under PE buffer system of biological conditions. DNA binding behaviors of 1, 2 and L with CT-DNA were investigated via thermal denaturation, viscosity measurements and spectrophotometric titration method. The results of viscosity measurements indicated that 1 and 2 bound to DNA in an intercalative mode through their ligand L. The affinity of these compounds binding to DNA follows the order 1>2>L, which is in good agreement with the results of T m values according to thermal denaturation measurement. The biological assays in vitro further showed that 1 possessed high cytotoxic activities against HL-60 and moderate against BGC-823 and MDA-MB-435 cell lines. Further work is in progress to elucidate the detailed mechanisms of anti-tumor activity of these compounds in our lab.
Experimental
Materials and Measurements All the reagents for syntheses were commercially available and used as received or purified by standard method prior to use. 3-(2-Pyridyl)-pyrazole 31, 32) and L [19] [20] [21] 35, 36) were synthesized according to the reported procedures. Elemental analyses were performed on a Perkin-Elemer 240C analyzer and IR spectra on a Tensor 27 OPUS (Bruker) FT-IR spectrometer with KBr pellets.
1 H-NMR spectra were recorded on a Bruker AC-P500 spectrometer (300 MHz) at 25°C in CDCl 3 with tetramethylsilane as the internal reference.
Calf thymus DNA (CT-DNA) was dissolved in PE buffer (1 mM NaH 2 PO 4 , 0.1 mM EDTA and pHϭ7.0). The UV absorbance ratio l 260 /l 280 was 1.8-1.9, indicating that the DNA was sufficiently free of protein.
33) The CT-DNA concentration per nucleotide was determined by absorption spectroscopy using the molar absorption coefficient of 6600 mol Ϫ1 cm Ϫ1 at 260 nm. 34) Also, doubly distilled water was used to prepare PE buffer.
Preparation of Complexes [Co(L) 3 ](ClO 4 ) 2 (1)
The reaction of L (0.3 mmol) with Co(ClO 4 ) 2 · 6H 2 O (0.1 mmol) in MeOH (10 ml) for a few minutes afforded orange solid, which was filtered. Then, to this mixed system 5 ml of acetonitrile was added and stirred for about 30 min until the solid was dissolved. The resultant solution was kept at room temperature and yellow single crystals suitable for X-ray analysis were obtained by slow evaporation of the solvent after several days. Yield: ca. 40%. IR (KBr pellet, cm 1610s, 1569m, 1507m, 1439s, 1366s, 1328m, 1287w, 1245s,  1195w, 1163s, 1097vs, 958s, 904s, 797s, 771m, 623s 3071w, 2016w, 1611s, 1570m, 1533s, 1507s, 1442vs, 1369s, 1328w, 1287w,  1246m, 1163br, 1094vs, 863w, 777vs, 692w, 622vs, 528w, CAUTION: Although we met no problems in handling perchlorate salts and their complexes during this work, these should be treated with great caution owing to their potential explosive nature.
X-Ray Structure Determination Single-crystal X-ray diffraction measurement for complexes 1-2 were carried out on a Bruker Smart 1000 CCD diffractometer equipped with a graphite crystal monochromator situated in the incident beam for data collection at 293(2) K. The determinations of unit cell parameters and data collections were performed with MoKa radiation (lϭ0.71073 Å) and unit cell dimensions were obtained with least-square refinements. The program SAINT 37) was used for integration of the diffraction profiles. The structure was solved by direct methods using the SHELXS program of the SHELXTL package and refined with SHELXL 38) All non-hydrogen atoms were located in successive difference Fourier syntheses. The final refinement was performed by full matrix least-square methods with anisotropic thermal parameters for non-hydrogen atoms on F 2 . The hydrogen atoms were added theoretically, riding on the concerned atoms and refined with fixed thermal factors. Crystallographic data and experimental details for structural analyses are summarized in Table 4 . The crystal data files in cif format are listed in the supplemental material.
Cytotoxicity Assay Cytotoxic activities of 1 and 2 and ligand L were conducted by the tetrazolium salt MTT (MTTϭ3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) reduction assay. 39) The following human cancer cell lines were used: HL-60 human leukemia, BGC-823 human stomach and MDA-MB-435 human mammary. Having grown in RPMI 1640 medium supplemented with 10% freshly inactivated fetal calf serum (FCS) and antibiotics, the cells harvested from exponential phase (2ϫ10 5 per ml) were seeded equivalently into a 96-well plate, the tested compounds were added at a concentration maintained at 10 mmol l
Ϫ1
. The plate was maintained at 37°C in a humidified atmosphere of 5% CO 2 incubated for 48 h, MTT solution at an appropriate concentration (1 mg ml
) was then added to each well. After incubation at 37°C for 4 h, 100 ml of 0.04 mol l Ϫ1 HCl in isopropanol was added to each well and mixed thoroughly to dissolve the dark blue crystals. The measurement of absorbance of the solution related to the number of live cells was performed on a Bio-Rad Model 450 Microplate reader at 570 nm and the inhibitory rate was calculated. 40) DNA-Binding Experiments Thermal denaturation processes were followed on a WFZ-800-D 2 spectrophotometer equipped with a thermoelectric cell temperature controller (Ϯ0.5°C) and a stirrer unit. Before the T m measurement, a mixture solution of the title compounds and the duplexes was equilibrated for 15 min and then the temperature was increased at the rate of 0.4°C/min. A 1-cm quartz cuvette was used. The absorbance at 260 nm was monitored for DNA in the absence and presence of the compounds. The T m value was determined graphically for each sample from the spectral data. The DT m value for each compound was calculated as the temperature difference between the compound's T m and the free DNA's T m .
Viscosity measurement was carried out on an Ubbelodhe viscometer, immersed in a thermostatted water bath maintained at 30Ϯ0.1°C. The concentration of DNA was kept constant (72 mM) and that of tested compounds varied from 7.2 to 43.2 mM. compounds and h o is the viscosity of DNA alone. Viscosity values were calculated from the observed flow time of DNA-containing solutions corrected for the flow time of buffer alone (t 0 ), hϭtϪt 0 .
41)
The binding constant for the interaction of DNA with compounds was obtained from absorption titration data. A fixed concentration of DNA was titrated with increasing amounts of the compound and the molar ratio of the compound to DNA ranged from 0.02 to 0.25. The absorbance rates at 300 nm were recorded after each adding using on a WFZ-800-D2 spectrophotometer and analyzed by the Program Knwift, Applied to the McGhee and Von Hippel equation. 42) Supplementary Material Crystallographic data for the crystal structure reported in this paper have been deposited with the Cambridge Crystallographic Data Center. The 
